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Raman and Brillouin spectroscopic studies of CH4 single crystals in phases I and II

E. Gregoryanz, M. J. Clouter, N. H. Rich, and R. Goulding
Department of Physics and Physical Oceanography, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada A

~Received 21 January 1998!

A technique has been developed for obtaining single crystals of solid methane in phase II which can be
reached only from within phase I at zero pressure. Large (;50 mm3) single crystals of CH4-I were grown in
a cylindrical quartz cell and successfully cooled below the phase-transition temperature. Brillouin spectra were
collected at different crystal orientations corresponding to rotation about the laboratoryz axis. X-ray Laue¨
diffraction techniques were applied to determine the orientation of the crystals in the laboratory frame. The
elastic constants of CH4-I were determined as a function of temperature from 90 to 20.5 K and the elastic
constants of CH4-II were determined as a function of temperature from 19.5 to 15.5 K. The data in both phases
were also used to calculate the Poisson ratio, bulk and shear moduli, the distribution of the acoustic velocities
in high-symmetry planes, and the Debye temperature. Raman spectra of the fundamental modesn1 andn3 were
recorded and their shifts and full widths at half height were determined as a function of temperature through
the phase transition.@S0163-1829~98!05429-0#
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I. INTRODUCTION

The discovery of helium by Janssen and Lockyer in 18
and argon by Rayleigh and Ramsay1 ultimately created a
new field of interest in physics—rare-gas solids~RGS!.
These solids have been and still are the subject of a w
range of experiments, for the molecular-dynamic simulatio
and for testing the predictions of lattice-dynamics theori
In many respects the inert gases form the simplest crys
known. These crystals are composed of atoms with co
pletely filled electron shells and have spherically symme
distributions of electronic charge. They all have a fac
centered-cubic~fcc! structure with the exception of He3 and
He4 ~which also have fcc structure at higher pressure2!
These solids also were the first materials that were subje
methodical study by Brillouin spectroscopy.3–6

The considerable progress that has been made in un
standing the properties of the RGS has provided impetus
theoretical and experimental research on more complex
tems such as molecular crystals. The molecular crystals
much more complicated systems than the RGS. Am
them, methane is archetypal because, with increasingly c
plicated crystal structure and intermolecular forces, it s
remains a relatively simple compound. Just like the RG
methane forms a cubic fcc lattice with van der Waals int
action between molecules, it has closed electron shells,
is almost spherically symmetric. Crystalline methane is
particular interest because it belongs to a class of mate
where the constituent molecules are orientationally dis
dered~OD! over a wide temperature range.

The properties of methane are also of interest for a nu
ber of other reasons. It is the major constituent~up to 97%!
of natural gas found on earth.7 It also is a significant hydro-
carbon constituent of several planetary bodies in the s
system. Condensed CH4 ~possibly crystalline! has been iden-
tified on Pluto8 and Neptune’s moon Triton.9 Condensed
CH4 is expected to exist on Uranus10 and Neptune.11

Knowledge of the elastic properties is clearly of intere
in the latter context. Such information can also provide a k
PRB 580163-1829/98/58~5!/2497~8!/$15.00
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to understanding the microscopic properties of the orien
tional disorder, and the rotation-translation~RT! coupling
mechanism.12 RT coupling is the interaction between th
center-of-mass displacements and large-amplitude orie
tional motion that may occur in molecular crystals, or cry
tals with molecular ions, and may cause a change in the s
of orientational~dis!order. Such effects are of particular in
terest with respect to phase transitions.

Methane and its deuterated species have been unde
vestigation in spectroscopic,13–27ultrasonic,28 calorimetric,29

neutron scattering,30–34 and x-ray35–42 experiments. Also,
there was a series of theoretical papers on methane43–54 and
molecular-dynamics simulations.55 The experiments yielded
important information about the phase transition and
tempts were made to describe both phases of methane a
temperature. But there were insufficient data on the ela
properties of methane and its deuterated compounds du
the difficulties in growing optically accessible single crysta
of these compounds and maintaining them in an unstrai
state in both phases. To date only a few experiments on
elastic properties of methane have been published.20,27,33

Some values of elastic constants obtained by different te
niques for CH4 and CD4 are given in Table I. It can be see
that much more work has been done on heavy methane
though there are likewise no consistent data for CD4 over a
wide temperature range.

In contrast to the rare-gas solids, for which good agr
ment between experimental and calculated values of ela
constants has been shown,3,4,6,56–64there are difficulties in
dealing with molecular solids such as methane. For exam
for krypton and argon, whose physical characteristics
close to methane, elastic constants have been determine
the phonon-dispersion curves along high-symmetry dir
tions have been measured59,64 in good agreement with theo
retical calculations. In Table II ratios of sound velocities
high-symmetry directions and anisotropy factorAof the rare-
gas solids65 are compared with those for OD crystals of m
lecular solids. It can be seen that all the ratiosVl /Vt are the
same to within a few percent with the exception ofVl /Vt in
2497 © 1998 The American Physical Society
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TABLE I. Comparison of experimental and theoretical values of elastic constants~kbar! of CH4 and
CD4. The temperaturesT are in Kelvins, and the elastic constants are in units of kbar unless otherwise n

CH4 T C11 C12 C44 Ref.

Brillouin spectra 90.4 19.5760.30 14.4660.20 9.2060.15 20
Molecular dynamics 91.0 16.4061.00 13.6061.00 6.0060.30 55
Brillouin spectraa 300 10–25 8–23 4–7 27

CD4

Brillouin spectra 89.2 20.0460.30 15.0060.24 9.1560.15 20
Neutron scatt. 32.5 30.8062.00 21.4062.40 15.860.60 33
Born–von Karman 32.5 34.10 26.8 14.20 33
Lennard-Jones 34.5 30.70 16.40 18.6 30
Neutron scatt. 34.5 32.8061.6 23.9061.6 14.961.0 30

aThe values of elastic constants are in GPa. Pressure was varied from 1 to 5 GPa.
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the ^110& direction for OD crystals whereVl /Vt is higher by
;25% in CH4, CD4, CBr4, and enormously high in CCl4,
which is a fascinating substance with respect to RT by its
This anomaly is due to a low value ofVt in the ^110& direc-
tion and sometimes is called ‘‘transverse mode softenin
A similar comment applies to the anisotropy factor which
;30% larger in OD crystals than in RGS. This is a dire
consequence of RT coupling.

Most recently, a theoretical approach to RT coupling w
undertaken by Lynden-Bell and Michel.66 They have shown
that RT coupling is caused by the changes in orientatio
potential felt by a molecule when it or nearby molecules
atoms move. The amount of this change depends on the
tual strength and form of the intermolecular potential. Th
also showed that RT coupling in orientationally disorder
crystals can influence phase transitions, affect the valu
elastic constants, and change the appearance of phonon
tra.

Unlike its fully deuterated species, which exists in thr
different solid phases under its own vapor pressure, nor
methane CH4 exists only in phase I ~space group
Fm3m)31,67 which extends from the melting point of 90.6
K to Tc520.5 K, and in phase II~space groupFm3c)31,67at
temperatures belowTc . Phase I is fcc with four molecule
per unit cell. In this phase all molecules are free to rotate
there is no orientational order. Phase II is also fcc but
transition to this phase involves the ordering of six out

TABLE II. Ratios of sound velocities in high-symmetry direc
tions and anisotropy factor of the rare-gas solids compared
those for orientationally disordered crystals.

Crystal T~K!
^100&
Vl /Vt

^111&
Vl /Vt

^110&
Vl /Vt1

^110&
Vl /Vt2 A Ref.

Ar 80.0 1.46 2.27 1.66 2.75 2.73 4
Ne 24.0 1.40 2.20 1.61 2.66 2.74 5
Kr 115.6 1.45 2.26 1.66 2.73 2.70 6
Xe 160.0 1.44 2.24 1.65 2.71 2.74 3

CCl4-~Ia! 244.1 1.79 3.07 2.01 4.70 3.48 80
CBr4-I 333.0 1.62 2.65 1.83 3.54 3.73 81
CH4-I 90.4 1.46 2.44 1.69 3.20 3.60 20
CD4-I 89.2 1.48 2.47 1.71 3.25 3.63 20
f.
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eight molecules.31,67 The objective of the present work wa
to obtain consistent values of elastic constants over a w
range of the temperature and including phase II. Phase
exists only at higher pressures and it was not investigate
the present experiment.

II. EXPERIMENTAL TECHNIQUE

A. Raman technique

There is an abundance of Raman data for liquid16,13 and
polycrystalline19,21 methane at different pressures and te
peratures, but there is relatively little Raman data pertain
to phase transitions and RT coupling in single crystals. T
present experiment was consequently designed to con
the Raman spectroscopy experiment simultaneously with
Brillouin investigations. Raman measurements were m
using a cooled RCA C31034 photomultiplier tube and a Sp
model 1401 double-grating spectrometer, which was mo
fied for computer control and data acquisition.

A schematic optical diagram for the Raman experimen
shown in Fig. 1. The optical axis of the spectrometer w
perpendicular to they axis of the laboratory reference fram
which was defined by a He-Ne laser beam. The incid
~vertical! beam of the argon laser defined the laboratoryz
axis. The scattered light was collected horizontally throug
polarizer P by a collecting lens, L1. Then, the light was fo-
cused by the lens L2 on to a polarization scrambler S, i
order to compensate for the different polarization sensit
ties of the spectrometer. The frequency calibrations w
done with a hollow-cathode thorium/neon discharge tube

B. Brillouin technique

The Brillouin technique used for determining the elas
constants is very well known and documented.68–70,65 It is
based on the inelastic scattering of the incident light on
thermal acoustic waves propagating in the scattering me
The scattered light is Doppler shifted and the shift is d
scribed by the Brillouin equation:

V562n
V

l
sinS u

2D , ~1!

whereV is a frequency shift,n is the refractive index of the
crystal,u is the scattering angle andl andV are the wave-

th
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length of the incident light and sound velocity, respective
The relation between the frequency shifts and elastic c
stants is given by a secular equation, known as a Christo
determinant:

uCi jkl njnl2rV2d iku50. ~2!

This is a cubic equation forrV2, where r is the density.
Three roots of this equation correspond to the three polar
tion vectors of the acoustic modes which, for the hig
symmetry directionŝ100&, ^110&, and^111&, correspond to
one longitudinal~the one with the highest velocity! and two
transverse modes. In other directions the modes can be
scribed by their predominant polarization as ‘‘quasilongi
dinal’’ or ‘‘quasitransverse.’’ These roots are functions
the elastic constants and the direction cosines of the cry
The direction cosines are related to the laboratory frame
the Euler anglesu, f, andx, which can be determined b
x-ray diffraction techniques. Once the orientation of the cr
tal is known, a nonlinear least-squares fitting routine can
applied to the combined equations~1! and ~2! to determine
the elastic constants. The procedure starts with an in
guess for the elastic constants. The values of elastic cons
are put into the Cristoffel determinant and then determin
is solved, yielding the values forrV2. The values forV are
used to calculate the frequency shifts using the Brillo
equation and the calculated frequencies are compared
the measured ones. A least-squares fitting routine is t
applied to minimize the difference between the calcula
and measured frequency shifts. The quantityx2 which is
minimized by the parameter searches through the ela
constant space is determined by

x25(
i 51

N S n i
calc2n i

obs

s i
D 2

, ~3!

whereN is the total number of the measurements at a gi
temperature ands is the experimental uncertainty.

FIG. 1. Experimental setup: F1 is a narrow band pass filter, L3 is
a focusing lens, He-Ne is the alignment laser, M2 is a mirror, C is
the x-ray collimator, Ar1 is the argon laser.~a! Raman part: L1,2 are
lenses, DAS-1 is the data acquisition system, P is the polarizer,
the scrambler.~b! Brillouin part: PM is the photomultiplier tube
AD is the amplifier discriminator, F2 is a narrow band pass filter
L4,5 are lenses, D1,2 are pinholes, DAS-2 is the data acquisitio
system.
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A schematic optical diagram for the Brillouin experime
is shown in Fig. 1. A~20 mW, 514.5 nm! laser beam from a
Spectra Physics Series 2000 single-mode argon laser
incident vertically along the axis of the cell. The scatter
light of interest was collected horizontally through a narro
band pass filter, F2, by a collecting lens, L4. The collimated
beam was then incident on a piezoelectrically scann
triple-pass Fabry-Perot interferometer~FP! with a finesse and
spectral free range of 50 and 18.20 GHz, respectively. T
light from the Fabry-Perot was focused by lens L5 through a
pinhole D2 on to the cathode of an ITT FW 130 photomu
tiplier tube ~PM! operating in photon counting mode. Th
signal from the photomultiplier was passed to a compu
controlled data acquisition system~DAS-2! through an am-
plifier discriminator, AD. The DAS-2 stored the spectrum
a 1280 multichannel memory, displayed the spectrum on
screen, and performed all functions required to control
scanning of the interferometer. The optic axis of the sp
trometer and they axis of the laboratory reference fram
were coincident and were both defined by a He-Ne la
beam. The incident~vertical! beam of the argon laser define
the laboratoryz axis. The axis of the x-ray machine wa
aligned with the optic axis to ensure that the radiation pas
through the region of the crystal at the focus of lens L4.

C. Sample preparation

The CH4 gas used in the experiment was of resear
grade quality~Matheson, minimum purity 99.99%!. The tu-
bular quartz cell containing the gas was mounted in a liqu
helium cryostat and was rotatable about the vertical axis.
cell was filled to a pressure of approximately 350 Torr a
then the gas was liquefied and cooled to;91 K. Large
(;50 mm3) single crystals of CH4 were then grown from
the liquid.

During the first stage of this process crystals were gen
ally grown by lowering the temperature of the cell ve
slowly ~0.005–0.1 K per hour! in the presence of a tempera
ture gradient (;1 K/cm! between the top and the bottom o
the cell until a small seed was formed on the bottom. T
procedure usually took around 10–12 h. X-ray Laue¨ diffrac-
tion photographs were then taken to ensure that the cry
seed was single and of good quality. These photographs w
also used to determine the orientation of the crystal.

Next the crystal was prepared for cooling to the desi
temperature. Cooling a van der Waals solid is very diffic
because the combination of a high coefficient of thermal
pansion and strong adhesion to the cell wall usually result
fracturing of the crystal after even a modest drop in tempe
ture. This problem was circumvented in the experiment
employing an electrically conducting and optically transp
ent film deposited on the exterior walls of the cell. By a
plying a voltage across this film~from top to bottom!, and
simultaneously removing methane vapor from the cell
pumping, it was possible to separate the crystal from the
walls. This required a delicate balance between the rate
pumping, raising the film voltage and lowering the tempe
ture. When successful, the result was a crystal stand
freely on the bottom~window! of the cell. Subsequently the
temperature of the cell could sometimes be lowered au
matically by as much as 10 K per hour to any desired va

is
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without significant deterioration in crystal quality. Usuall
however, there was some deterioration in crystal quality.
the lower temperature it is desirable to regrow the crys
against the walls but satisfactory results are extremely d
cult to achieve.

III. RESULTS

A. Raman scattering

It is well known that a methane-like five-atomic tetrah
dral molecule has four fundamental vibrational modes:71 a
totally symmetricn1(A1), a doubly degeneraten2(E), and
two triply degeneraten3(F2) andn4(F2). n4 also is infrared
active but was not observed in this experiment. Attempts
detect the~external! lattice modes in phase II were unsu
cessful. Only then1 and n3 features were consistently ob
served over the investigated temperature range, and s
representative spectra for both phases are shown in Fig.
can be seen that the phase transition is readily detected
the splitting of then1 feature and the more dramatic narrow
ing of n3. Corresponding spectra were recorded for differ
crystal orientations but there were no detectable differen

The full width at half maximum~FWHM! of n1 was de-
termined by employing a deconvolution process to corr
for the finite spectrometer resolution. In this process the
served profiles for both the Raman line and the laser~instru-
mental! line were first fitted with Lorentzian functions. I
both cases the quality of the fits was excellent and the
mary effect was one of smoothing. The Fourier~cosine! co-
efficients were then determined for each fitted function a
deconvolution was achieved by simply dividing the cor
sponding coefficients. The corrected spectrum was then
tained as the inverse Fourier transform.72 The resulting pro-
files were then fitted to a Lorentzian line shape and
position of the peak and its FWHM were deduced. The
sults for then1 line are shown in Fig. 3. The points for liqui
CH4 from Ref. 73 were measured using Fabry-Perot inter
ometry and are consistent with the present measurem

FIG. 2. Typical Raman spectra ofn1 andn3 of CH4. ~a! and~c!
show then1 spectrum in phases I and II, respectively, and~b! and
~d! are corresponding spectra forn3. n3 was recorded with the
polarizer axis perpendicular to the polarization vector of the in
dent laser beam.
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The Raman shift values~Fig. 3! are consistently higher by
;3 cm21 than those of Ref. 15. There is little change in t
shift throughout the temperature range of phase I, but the
a distinct downshifting effect on entering phase II. The m
interesting effect is the widening of the main peak ofn1
when the crystal goes through the phase transition.
width of the peak changes from 1.6 to 0.87 cm21 through the
temperature range of phase I. On passing through the p
transition at 20.5 K it jumps to 1.57 cm21 and continues to
rise as the temperature is further reduced. Assuming, as
gested elsewhere~Ref. 74!, that the principal broadening
mechanism in phase I is fast-modulation dephasing, i
likely that the increased width in phase II is due to an inh
mogeneous broadening contribution arising from t
~Fm3c) ordering.

In order to calculate the linewidth ofn3 it is necessary to
eliminate the line 2n2. Becausen3 is completely depolarized
and 2n2 is completely polarized this can be achieved by e
ploying a polarizer~see Fig. 2!. The width of then3 feature
averages about 70 cm21 in phase I, and instrumental line
width contributions were not significant in this case. T
changes inn3 are the most obvious ones observed in t
experiment~Fig. 4!. The Raman shift changes from 302
cm21 at 90 to 3016.9 cm21 at 20.5 K and then it downshifts
to 3014.5 cm21 in phase II. Then3 linewidth changes by a
factor of 3 from 90 to 20.5 K and when the crystal go
through the phase transition it suddenly decreases from 3
4.6 cm21. This latter effect was a sensitive test of wheth
the phase transition had actually occurred. In some cas
distinct ‘‘overcooling’’ effect was observed when the tem
perature was well below the normal phase-transition te
perature but the linewidth and height ofn3 clearly indicated
that the phase transition had not occurred. A light tapping
the cryostat would then initiate the phase transition wh

-

FIG. 3. The shift~a! and full width at half height~b! of n1 as a
function of temperature. (L) indicates the second peak which a
peared after the phase transition. (n) indicates values from Ref. 73
The errors in measurements of shift are comparable to the sym
size. The errors in measurements of FWHM are estimated to
;2%. The dashed lines are positioned at the phase transition
perature of 20.5 K and at the liquid-solid phase boundary at 90
K.
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would be complete within a few minutes. An attempt w
made to observe the associated hysteresis effect in the
havior of a linewidth corresponding to that demonstrated
the enthalpy measurements of Ref. 29. The single poin
18.5 K in Fig. 4~c! suggests the existence of such an eff
but more precise measurements of the sample temper
are needed in order to confirm it.

B. Brillouin scattering

In phase I more than 15 independent crystals were s
ied, but only three were successfully cooled below the pha
transition temperature. Because of the development of in
nal defects, the quality of spectra tended to deteriorate w
decreasing temperature and some orientations produced
ter spectra than others. As a general rule spectra were m
sured in 5° or 10° intervals through 70° in the anglef.

Both the density and refractive index of a crystal a
needed for calculating the elastic constants from the B
louin frequency shifts. The refractive index of solid metha
at the triple point is known20 and equal to 1.323. The densi
is also known for the 90–10 K temperature range.39 The
Lorentz-Lorenz relation was consequently used to calcu
refractive indices over the wide temperature range requi
The resulting values of the elastic constants for both pha
of solid methane are listed in Table III and plotted~solid
circles! versus temperature close to the phase-transition p
in Fig. 5. This figure also includes least-squares linear fits
the plotted values for each elastic constant. It is interestin
note thatC44 andC11 have steeper slopes thanC12. Conse-
quently,C44 becomes comparable withC12 at the tempera-
tures close to the phase transition and in phase II. In pha
the slopes and values ofC12 and C44 are almost equal, al
though no firm conclusions can be made owing to the sm

FIG. 4. The shift~a! and full width at half height~b! of n3 as a
function of temperature. The (d) symbols are for decreasing an
the (L) symbols for increasing temperatures, respectively. The
set ~c! shows a magnified view of FWHM around the phas
transition temperature. The errors in measurements of shift are c
parable to the symbol size. The errors in measurements of FW
are estimated to be;2%. The dashed lines are positioned as in F
3.
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number of experimental points. The dependences of the e
tic constants on temperature, as determined by the linea
in phase I are

C11~T!520.149T134.02, ~4!

C12~T!520.059T120.93, ~5!

C44~T!520.128T120.41. ~6!

-
-
m-
M
.

TABLE III. Elastic constants of CH4 in phase I and II in kbars.
Temperatures are accurate to within60.2 K.

T~K! C11 C12 C44

Phase I
90.0 19.660.2 14.860.1 9.260.1
70.0 23.860.3 16.960.3 11.560.2
60.0 25.460.2 17.760.2 12.660.2
54.0 26.760.2 18.260.2 13.360.1
50.0 27.260.2 18.360.2 13.960.1
48.1 26.760.2 18.360.2 14.160.1
38.0 28.960.3 19.460.2 15.660.2
30.0 29.760.3 18.860.2 15.860.2
26.1 29.560.3 19.460.2 16.960.2
25.0 30.260.3 19.460.2 16.760.2
24.8 30.160.3 19.360.2 18.260.2
23.0 30.060.3 19.260.2 16.560.3
22.3 31.160.3 19.060.2 18.160.2
21.3 30.460.3 19.560.3 18.660.2
20.5 31.460.3 19.860.2 18.860.2

Phase II
19.3 30.960.3 18.160.2 19.360.3
17.3 33.960.3 19.060.3 18.760.3
15.5 34.060.3 19.360.2 19.460.2

FIG. 5. Elastic constants of CH4 as a function of temperature
The error bars shown represent the standard deviation in the be
parameters and uncertainties in the frequency shift and crystal
entation. The dashed line is positioned at the phase-transition
perature of 20.5 K. The solid lines in the phase II are drawn only
guides to the eye.
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There are no significant changes in the elastic const
when the crystal goes through the phase transition but t
perature dependences are noticeably different forC11 and
C12.

The combinations of elastic constants corresponding
the ^110& direction are shown in Fig. 6. The12 ~C112C12)
and C44 plots correspond to two shear moduli in the cub
structure.

With elastic constants known, the bulk modulus was c
culated as

B5
1

3
~C1112C12!. ~7!

The aggregate shear modulus (G)was obtained from the
Voight-Reuss-Hill averaging method.75 These parameters ar
shown in Figs. 7~a! and 7~b!. The bulk modulus increases b
a factor 1.5 and the shear modulus increases by a factor
with decreasing temperature over the investigated ran
There are no noticeable changes in the values of ela
moduli such asB, (C112C12)/2 and C44 when passing
through the phase transition. The phase transition was
firmed by the observation of changes in then1 andn3 modes
of the vibrational Raman spectra.

Lynden-Bell and Michel66 have showed that softening o
the elastic constants can occur via rotation-translation c
pling at theG point (k¢50! as a result of coupling to theL
54 rotator function. They anticipated that the effect wou
be comparatively small due to the high value ofL involved
and that it should not be affected by the phase transit
This is indeed what is observed in the present experiment
three elastic constants show small increases with decrea
temperature, and there is no significant effect at the ph
transition.

The most notable changes are associated with the an
ropy factorA,

FIG. 6. Elastic constants of CH4 as a function of temperature
The combinations correspond to the longitudinal and two transv
waves in thê 110& direction. The error bars shown are from th
errors in elastic constants as in Fig. 5. The dashed line is positio
as in Fig. 5.
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and the quantityd5(C122C44)/C12. The latter is a measure
of the extent to which the Cauchy relation,54 C445C12, is
violated and, in turn, indicates the level of importance
noncentral forces between molecules. Both quantities
plotted as a function of temperature in Figs. 7~c! and 8~a!. As
the temperature is decreased,A decreases from 4 to;2.5,
andd decreases from;0.4 to60.05. TheA value compares
very closely with the RGS at temperatures below the ph
transition and, when taken in conjunction withd;0, sug-
gests that the lattice dynamics can be described quite we
nearest-neighbor central forces.

se

ed

FIG. 7. Elastic moduli and anisotropy factor of CH4 as a func-
tion of temperature.~a! Bulk modulus.~b! Shear modulus.~c! An-
isotropy factor. The error bars shown are from the errors in ela
constants as in Fig. 5. The dashed line is positioned as in Fig.

FIG. 8. ~a! d5(C122C44)/C12 as a function of temperature.~b!
Poisson ratios. The (n) are from Ref. 76.~c! Debye temperature
of solid CH4 (d). Compared with results (n) from Ref. 39 and
(L) Debye temperature of solid argon from Ref. 78 and~1! Ref.
79. The dashed line is positioned as in Fig. 5.
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Having determined the complete set of elastic consta
the acoustic velocity can be calculated for any propaga
direction. As an example the acoustic velocities for all dire
tions in the~100! and~110! planes in both phases are show
in Fig. 9. AlthoughC44 andC12 converge to the same valu
in phase II, there is no correspondingly significant effect
the angular dependence of the velocity. There is, howeve
detectable tendency towards higher isotropy in phase II.

The Poisson ratio was calculated using the expression

s5
~Vl

222Vt
2!

2~Vl
22Vt

2!
, ~9!

whereVl andVt are the values averaged over the recipro
velocity surfaces. The temperature dependence of the P
son ratio is shown in Fig. 8~b! and compared with that from
Ref. 76.

The Debye temperature was determined via
expression77

uD5S 6p2N

V D 1/3\Vav

kB
, ~10!

FIG. 9. Acoustic velocities~in ms21) in high-symmetry planes
~a! and~b! are at 89 K~phase I!. ~c! and~d! are at 15.5 K~phase II!.
~a! and~c! are in the~100! plane,~b! and~d! are in the~110! plane.
ev
s,
n
-

a

l
is-

e

where\ is Planck’s constant,kB is Boltzmann’s constant,N
is the Avogadro number, andV is the molar volume. In the
above expression the mean velocityVav was computed at
each temperature by averaging over the three reciproca
locity surfaces:

3

V3
av

5E F 1

Vl
3

1
1

Vt1
3

1
1

V3
t2
Gdv, ~11!

wherev is an element of solid angle. The resulting values
the Debye temperature are plotted versus temperature in
8~c!, Also shown are the Debye temperatures obtained on
basis of x-ray measurements from Ref. 39. It can be s
@Fig. 8~c!# that the values of Debye temperature obtained
our experiment are consistently higher than in Ref. 39 but
dependence on temperature is essentially the same. Also
Debye temperature of solid argon measured by calorime
methods from Refs. 78 and 79 is shown for comparison.

IV. CONCLUSIONS

In this paper, a comprehensive study of solid methane
carried out using optical spectroscopic techniques at
temperatures. A technique for growing and cooling sin
crystals was developed and applied to the two phase
methane. The elastic properties were determined by
means of Brillouin spectroscopy. The wave numbers of
ternal modes and their linewidths were measured by the
man scattering which clearly signaled the occurrence of
phase transition at 20.5 K. Such characteristics as the an
ropy factor and violation of the Cauchy relation in phase
were found to show some similarities between CH4-II and
rare-gas solids. The analysis of the behavior of Raman li
is consistent with partial quenching of rotational motion
phase II. The work is being extended to a study of so
heavy methane~CD4) particularly in phase III.
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